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@ A powdep-nnetallurgy produced tool steel arti- 

de of a hot worked, fully dense, consolidated ^hhik^^v . 

mass of pnsalloyed partides of a tool steel alloy * ' ' 

having a sulfur content within the range of 0.10 
to 0.30 weight percent and a maximum sulfide 
size below atxHjt IS microns. 
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BACKGROUND OF THE INVENTION 
Field of the Invention 

5 This invention relates to a tool steel article made of a hot worked powder metallurgy tool steel having higher 

than conventional sulfur content and a method for producing the same. 

Description of the Prior Art 

10 Tool steels are used conventionally in the manufacture of tooling articles employed in both cutting and non- 
cutting tooling applications. This includes the manufacture of broaches and hobs, as well as of rolls, punches 
and mold components. In these tooling applications. It Is necessary that the tool steel have sufficient strength, 
toughness, and wear resistance to withstand the service conditions encountered in these typical applications. 
I n addition, they must have adequate machinability and grindability to fecilitate production of the desired tooling 

15 components. 

It is known that the presence of sulfur in tool steels improves their machinability and grindability by forming 
sulfides that act as a lubricant between the cutting tools used to form the tool component and the chips removed 
from the steel during this operation. The sulfides also promote chip breaking during the cutting operation In- 
cident to tool manufacture to thereby further facilitate this operation. 

20 The use of sulfur in amounts over about 0.10% is known to reduce the hot workability of conventional ingot- 
cast tool steels and adversely affect their mechanical properties, particularly their toughness. In conventional 
high sulfur containing tool steels, the sulfides are typically larger and elongated in the direction of hot working. 
Likewise, with conventional wrought tool steels, the primary carbides in the steel are strung out during hot work- 
ing to form carbide stringers in the direction or working. The carbide stringers In these steels adversely affect 

25 mechanical properties, and their negative effects are so pronounced that they generally overshadow any ad- 
verse effects of the sulfides in this regard. 

On the other hand, during the manufacture of high sulfur containing tool steel articles by a powder metal- 
lurgy practice wherein prealloyed particles of the steel are consolidated to achieve a fully dense article, the 
carbides are relatively small and well distributed compared to those in conventional tool steels. Because of 

30 the favorable size and distribution of the carbides ach ieved in these tool steels, the adverse effects of the car- 
bide stringers encountered in conventional wrought steel are avoided. The properties of the powder metallurgy 
produced tool steels are therefore more sensitive to changes in sulfur content and to the size and distribution 
of the sulfides introduced for the purpose of improving their machinability or grindability. For this reason, sulfur 
in amounts greater than about 0.07%, are generally not used in powder metallurgy produced tool steels be- 

35 cause of the adverse effects of the sulfides on their mechanical properties, for example, as indicated by a de- 
crease in the bend fracture strength of the steel. Powder metallurgy tool steel articles with higher sulfur con- 
tents would be more widely used, if the detrimental effects of sulfur on their mechanical properties could be 
avoided. 

40 SUMMARY OF THE INVENTION 

It is accordingly a primary object of the present Invention to provide a tool steel article produced from a 
hot worked powder metallurgy produced high sulfur tool steel wherein the presence of sulfur and resulting sul- 
fides does not significantly adversely affect the mechanical properties while providing the beneficial effect of 
45 improved machinability and grindability. 

A more specific object of the invention is to provide a tool steel article made from a hot worked high sulfur 
containing powder metallurgy produced tool steel wherein the presence of sulfur and resulting sulf kJes does 
not significantly degrade toughness, as exhibited by the bend fracture strength. 

Broadly, in accordance with the invention, there is provided a machinable powder-metallurgy produced sul- 
50 fur-containing tool steel article comprising a hot worked, fully dense, consolidated mass of nitrogen-gas atom- 
ized, prealloyed particles of a tool steel alloy having a sulfur content of 0.10 to 0.30 weight percent with a max- 
imum sulfide size below about 15 microns. 

The tool steel alloy of the hot worked article may have a composition of a wrought high speed tool steel 
or of a wrought cold work tool steel to which sulfur has been intentionally added within a range of 0.10 to 0.30 
55 weight percent. Broadly, the tool steel of the hot worked article may have in weight percent 0.80 to 3.00 carbon, 
0.20 to 2.00 manganese, 0.10 to 0.30 sulfur, up to 0.04 phosphorus, 0.20 to 1.50 silicon, 3.00 to 12.00 chro- 
mium, 0.25 to 10.00 vanadium, up to 11.00 molybdenum, up to 18.00 tungsten, up to 10.00 cobalt, up to 0.10 
nitrogen, up to 0.025 oxygen, and balance iron and Incidental impurities. Tungsten may be substituted for mo- 
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lybdenum in the stoichiometric ratio of 2:1. 

The machinable powder-metallurgy produced sulfur-containing tool steel article may have a minimum 
transverse bend fracture strength of 500 ksl when heat treated to a hardness of 64 to 66 HRC. The article 
comprises a hot-worked, fully dense, consolidated mass of nitrogen gas atomized, prealloyed particles of a 
tool steel alloy of. in weight percent, 1.25 to 1.50 carbon, 0.20 to 1.00 manganese, 0.10 to 0.26 sulfur, up to 
0.04 phosphorous, up to 1.00 silicon, 3.0 to 6.0 chromium, 4.0 to 6.0 molybdenum, 3.50 to 4.50 vanadium, 4.0 
to 6.5 tungsten, up to 0.025 oxygen, up to 0.10 nitrogen and balance iron and incidental impurities. The article 
has a maximum sulfide size below about 15 microns. 

Preferably, the sulfur content of the articles In accordance with the Invention may be within the range of 
0.14 to 0.26%. 

The invention includes a method for manufacturing a powder-metallurgy sulfur-containing tool steel article 
of a hot worked, fully dense, consolidated mass of nitrogen atomized, prealloyed particles of a tool steel alloy 
having a sulfur content of 0.10 to 0.30 weight percent with a maximum sulfide size of about 15 microns. In 
accordance with the method, prealloyed particles are produced by nitrogen gas atomization and are hot iso- 
staticaily compacted to full density at a temperature of 21 es^'F and a pressure of 1 5 ksl. The resulting compact 
is hot worked to a desired article shape at a temperature of 2050''F and the article Is then annealed. 

The method in the Invention may also be applied to prealloyed particles of a tool steel alloy of the compo- 
sition, in weight percent. 0.80 to 3.00 carbon, 0.20 to 2.00 manganese, 0.10 to 0.30 sulfur, up to 0.04 phos- 
phorous, 0.20 to 1.50 silicon. 3.0 to 12.0 chromium, 0.25 to 10.0 vanadium, up to 11.0 molybdenum, up to 18.0 
tungsten, up to 10.0 cobalt, up to 0.10 nitrogen, up to 0.025 oxygen, balance iron and incidental Impurities. 

The method of the invention may likewise be used with prealloyed particles of a tool steel alloy of the conv 
posltion, in weight percent. 1.25 to 1.50 carbon. 0.20 to 1.00 manganese, 0.10 to 0.26 sulfur, up to 0.04 phos- 
phorous, up to 1.00 silicon, 3.0 to 6.0 chromium. 4.0 to 6.0 nrK>lybdenum, 3.50 to 4.50 vanadium, 4.0 to 6.5 
tungsten, up to 0.025 oxygen, up to 0.10 nitrogen, balance iron and incidental impurities. 

Preferably, the sulfur content may be within the range of 0.14 to 0.26 weight percent. 

In accordance with the invention, the carbon present in the alloy combines with chromium, vanadium, mo- 
lybdenum and tungsten to form the desired dispersion of wear resistant carbides and to pronfK)te secondary 
hardening. Sufficient carbon is also present to provide for strengthening of the matrix of the steel. The sulfur 
present in the steel combines primarily with the manganese to produce manganese sulfkies or manganese- 
rich sulfides which facilitate the machinability and grindability of the steel. 

To achieve the properties needed in the powder metallurgy produced tool steel articles of this invention, 
it Is essential that the high sulfur powder metallurgy produced tool steels used in their construction be hot 
worked after consolidation to achieve the high mechanical strength needed for tooling components. It is also 
essential that the production and processing conditions for the powder metallurgy produced tool steels used 
in the articles of this invention be controlled so that the sizes and distribution of the sulfides introduced by the 
sulfur additions do not significantly degrade mechanical properties. In the powder metallurgy produced tool 
steel used in the tool steel articles of this invention, this is achieved by maintaining the maximum size of the 
sulfides below about 15 ^m In their longest dimension. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

By way of demonstration of the invention, a series of experimental tool steels were made with varying sulfur 
contents and subjected to various mechanical property and machinability tests. Samples of several commer- 
cial powder metallurgy produced high speed tool steels were also subjected to the same tests for comparison. 
Except for sulfur content, the commercial powder metallurgy tool steels generaljy have the same nominal conn- 
position as the experimental tool steels. The actual chemical compositions of the experimental tool steels and 
of the commercially produced tool steels are given in Tables I and II. 
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TABLE I 



CHEMICAL COMPOSITION OF EXPERIMENTAL POWDER METALLURGY TOOL STEELS 


Bar 
Number 


Heat 
Number 


C 


Mn 


P 


S 


SI 


Ni 


Cr 


V 


W 


Mo 


Al 


N 


O 


92-17 


518-662 


1.42 


0.30 


0.007 


0.004 


0.51 




3.89 


4.04 


5.66 


5.28 


0.02 


0.034 


0.006 


92-18 


518-658 


1.45 


0.34 


0.006 


0.05 


0.54 




5.00 


3.73 


5.44 


4.90 




0.035 


0.005 


92-19 


518-659 


1.42 


0.46 




0.14 


0.54 




3.86 


3.80 


5.49 


4,90 




0.027 


0.006 


92-20 


518-63 


1.39 


0.64 


0.005 


0.26 


0.57 




3.86 


3.97 


5.79 


5.05 




0.028 


0.013 
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Table II 



CHEMICAL COMPOSITION OF COMMERCIAL HIGH SULFUR TOOL STEELS 



Bar 
Number 


C 


Mn 


P 


S 


SI 


NI 


Cr 


V 


W 


Mo 


Co 


N 


O 


92-79 


1.41 


0.69 


0.022 


0.230 


0.52 


0.20 


3.88 


3.98 


5.41 


5.27 


0.33 


0.03 


0.013 


92-81 


1.42 


0.73 


0.018 


0.230 


0.55 


0.22 


3.89 


3.99 


5.27 


5.18 


0.33 


0.05 


0.014 


92-77 


1.41 


0.74 


0.022 


0.220 


0.54 


0,16 


3.89 


4.01 


5.41 


5.13 


0.34 


0.05 


0.014 


92-78 


1.40 


0.68 


0.018 


0.240 


0.55 


0.11 


3.90 


3.90 


5.40 


5.13 


0.13 


0.06 


0.018 


92-78 


1.45 


0.67 


0.016 


0.230 


0.54 


0.17 


3.87 


3.87 


5.42 


5.15 


0.27 


0.05 


0.016 


92-74 


1.41 


0.65 


0.022 


0.210 


0.55 


0.17 


3.89 


3.94 


5.46 


5.14 


0.26 


0.04 


0.012 



The production conditions for the experimental tool steels were designed to minimize the size of the sul- 
fides in the microstructure. They were produced from nitrogen gas atomized prealloyed powders produced 
from 300-pound induction melted heats. About 200 pounds of powder from each heat were screened to -16 
mesh (U.S. Standard) and loaded into 8-inch diameter, low carbon steel containers which were hotoutgassed 
at 400''F and then sealed by welding. The containers were then heated to 2165*'F and Isostatically compacted 
at this temperature for four hours at a pressure of 1 5 ksi and then slowly cooled to ambient temperature. The 
resulting compacts were then heated to a temperature of 2050°F, hot worked to 3-Inch diameter t)ars, and fi- 
nally annealed using a conventional high speed tool steel annealing cyde. 

The commercial powder metallurgy tool steels were produced from -16 mesh nitrogen atomized powders 
and are representative of materials receiving different amounts of hot reduction after consolidation by hot iso- 
static pressing. No special measures were used In production of these steels to control sulfide size. 

Several tests were conducted to compare the properties of the tool steel articles of the Invention to those 
of articles made from high sulfur containing powder metallurgy tool steels of different manufacture. Tests were 
made to demonstrate the effects of composition and the methods of manufacture on sulfide size, bend fracture 
strength, Impact strength, and machlnability. The machinability tests were conducted on specimens in the fully 
annealed condition, whereas the bend fracture and impact tests were conducted on specimens In the hardened 
and tempered condition. The heat treatment for the latter specimens involved austenltizing for four minutes in 
molten salt at 2200''F, oil quenching to room temperature, and triple tempering in molten salt for 2 hours plus 
2 hours plus 2 hours at 1025*'F. After this heat treatment, the hardness of the specimens ranged between 64 
and 66 Rockwell C. 

The sizes and distribution of the sulfides In the experimental and commercial tool steels are shown in Fig- 
ures 1 and 2, respectively. As expected, the number of sulfides in experimental tool steels increase with sulfur 
content, as can be seen by comparing the microstructures for steels 92-17, 92-18, 92-19 and 92-20 in Figure 
1. It Is also clear that in accord with this invention all the sulfides in the experimental tool steels, regardless of 
sulfur content, are less than about 15 pm In their longest dimension. Further, it is dear that the size of the sul- 
fides in the experimental tool steels are considerably smaller in their largest dimensions than the sulfides in 
the commercial tool steels of similar composition. As shown in Figure 2, the size of the sulfides in these latter 
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steels range from about 20 to 30 in length, depending on the anrKnjnt of hot reduction reoeh^ed in production. 

The Charpy C-notch impact properties and bend fracture strengths of the experimental and commercial 
tool steels are given in Tables 1 1 1 and IV, respectively. Comparison of the results for the experimental tool steels 
shows that by Iceeping the maximum sulfide size below 1 5 ^m, It is possible to increase sulfur content for the 
purpose of improving machlnability without sacrificing toughness. This is indicated by the fact that the impact 
and bend fracture strengths of the experimental steels in both the longitudinal and transverse directions are 
essentially equivalent for sulfur contents ranging between 0.005 and 0.26%. 



r«Mc III 

IMPACT AfO BCW fRACTURC STReKGTHS OF CXPfRllCKTAL TOOL STCas' 



C-Kotcft lepact Strenota Send Fracture Slreugift Maxlaua 

8«r Sulfar Hot (ft-lb) (kit) Sulfide 

Code Cowtcat Rcductten Kardncii Longttgdiwi Trinmrse Lonoltudtwal Tftnmrtt Slw ■tcrens 

92-17 0.004 SS 66.S 24.0 9 7S7 SI7 4 

92.U O.OS as €6.0 2S.S ll.S 753 S07 6 

92-19 0.14 SS 66.0 23.0 11 739 547 12 

92-20 0.26 65 6S.0 24.0 II 711 S61 . IS 



T«b1e IV 

IM>ACT AlO BCM) FKACTWE SIREMGTKS OF COKRCIAL TOX STCCLS^ 



10 



IS 



20 



25 



30 



C-KotcH li^sct StrenfUt Bend Frecturc Strength Kutm • 

B^r Hot Kar<tne« (ft- lb) {Ui} Sulfide 

35 Code Reduction % HRC LoocUudtaal Transvtrf Lonqltodtnal Traeiverie Site Btcroni 

92-79 60.S 65.0 9.0 4.5 411 369 28 

92.S1 60. S 64.S 10.0 6.0 SS9 369 20 

40 

92-77 BS.O 65.0 16.5 S.S 672 421 24 

92-76 65.0 65.0 19.0 S.S 651 363 32 

45 92-72 94.0 66.0 - 7.0 655 397 30 

92-74 94.0 66.0 19.S 6.0 695 427 30 



50 ' Austealtlzed «t 2200*F for 4 •tmit«i. oil qu«Kted« And triple tcipertd et 1025V for 2 ptm 2 pks 2 itours. 

Comparison of the mechanical properties for the commercial tool steels given in Table IV shows that their 
impact and bend fracture strengths are generally Improved by increasing the anrounts of hot reduction, even 
55 though it results in some elongation of the sulfides. However, because of the larger size of the sulfides in these 
steels, their mechanical properties are significantly lower than those of the experimental tool steels having 
essentially the same composition and amount of hot reduction. Compare, for example, the mechanical prop- 
erties of Steel 92-20 (0.26% S) which has a maximum sulfide size of about 15 ^m and longitudinal and trans- 
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verse bend fracture strengths of 771 and 561 ksl, respectively, with those of Steel 92-78 (0.24% S) with a max- 
Imum sulfide size of about 30 (un and longitudinal and transverse bend fracture strengths of 651 and 383 ksl. 
respectively. 

The results of the drill machlnability tests conducted on the experimental tool steels In the annealed con- 
5 ditlon are given In Table V. The drill machlnability Indexes in this table were obtained by comparing the times 
required to drill holes of the same size and depth in these steels and by multiplying the ratios of the times for 
each steel to that for the experimental steel with 0.005% sulfur by 100. Indexes greater than 100 Indicate that 
the drill machlnability of the steel being tested Is greater than that of the experimental tool steel artfcle con- 
taining 0.005% sulfur (Steel 91-60). The results show that increasing sulfur from 0.005 to 0.26% Improves 
10 machinability of the experimental tool steels and that the greater Improvement Is achieved at sulfur contents 
at or above about 0.14%. 



IS 



Table V 

EFFECT OF SULFUR CONTENT ON THE DRILL 
MACHINABILITY OF EXPERIMENTAL TOOL STEELS 



20 



25 



Bar 




Hardness 


Drill Machinability Index-MI* 


Number 


% S 


HRC 


Test Values 


Ava. 


91-17 


0,005 


21 


100, 100, 100 


100 


91-18 


0.05 


21 


104, 104, 109 


106 


91-19 


0.14 


22 


117, 116, 127 


120 


91-20 


0.26 


21 


140, 134, 150 


141 



30 



Drill 
Machinability 
Index 



Time to Drill Test Material 

Time .to Drill Reference 
Standard Material 



X 100 



It may be seen from the above that by reducing the size of the sulfides in articles made from hot worked 
powder metallurgy tool steels, it is possible to substantially negate the negative effects of high sulfur contents 
on their properties. Hence, with the invention it Is possible to produce powder metallurgy tool steel articles with 
sulfur contents higherthan conventionally permitted to achieve Improved machinability without significant deg- 
40 radation of the mechanical properties, particularly as exhibited by the bend fracture strength of the steel. 

The term "sulfur containing tool steel article" is restricted to cold work tool steels and high speed tool steels. 



Claims 

45 

1. A machinable powder metallurgy produced sulfur containing tool steel article comprising a hot worked, 
fully dense, consolidated mass of nitrogen gas atomized, prealloyed partteles of a tool steel alloy having 
a sulfur content between 0.10 and 0,30 weight percent with a maximum sulfide size below about 15 ^m. 

50 2. The machinable powder metallurgy produced sulfur containing tool steel article of daim 1, wherein said 
tool steel alloy comprises in weight percent 0.80 to 3.00 carbon. 0.20 to 2.00 manganese, 0.10 to 0.30 
sulfur, up to 0.04 phosphorus, 0.20 to 1.50 silicon, 3.0 to 12.00 chromium. 0.25 to 10.00 vanadium, up to 
11.00 molybdenum, up to 18.00 tungsten, up to 10.00 cobalt, up to 0.10 nitrogen, up to 0.025 oxygen, 
balance iron and incidental impurities. 

3. A machinable powder metallurgy produced sulfur containing tool steel artide having a minimum trans- 
verse bend fracture strength of 500 ksl when heal treated to a hardness of 64 to 66 HRC, said artide 
comprising a hot worked, fully dense, consolidated mass of nitrogen gas atomized, prealloyed partides 
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of a tool steel alloy comprising, in weight percent, 1.25 to 1.50 carbon, 0.20 to 1.00 nrtanganese, 0.10 to 
0.26 sulfur, up to 0.04 phosphorus, up to 1.00 silicon, 3.0 to 6.0 chromium, 4.0 to 6.0 molybdenum, 3.50 
to 4.50 vanadium, 4.0 to 6.5 tungsten, up to 0.025 oxygen, up to 0.10 nitrogen, balance iron and incidental 
impurities, and said article having a maximum sulfide size below about 15 ^m. 

A powder metallurgy produced sulfur bearing tool steet article of claims 1 , 2, or 3 in which the sulfur content 
is within the range of 0.14 to 0.26 percent. 

A method for manufacturing a powder metallurgy sulfur containing toot steel article comprising a hot 
worked, fully dense, consolidated mass of nitrogen atomized, prealloyed particles of a tool steel alloy hav- 
ing a sulfur content of 0. 1 0 to 0.30 weight percent with a maximum sulfide size of about 1 5 ^m; said method 
comprising producing said prealloyed particles by nitrogen gas atomization. hot isostatically compacting 
the prealloyed particles to full density at a temperature of 2165°F and at a pressure of 15 ksi, hot working 
the resulting compact to a desired shape of the article at a temperature of 2050"^, and annealing said 
article. 

A method for manufacturing a powder metallurgy sulfur containing tool steel article, comprising a hot 
worked fully dense, consolidated mass of nitrogen gas atomized, prealloyed particles of a tool steel alloy 
comprising, in weight percent, 0.80 to 3.00 carbon, 0.20 to 2.00 manganese, 0.10 to 0.30 sulfur, up to 0.04 
phosphorus, 0.20 to 1.50 silicon, 3 to 12.00 chromium, 0.25 to 10.00 vanadium, up to 11.00 molybdenum, 
up to 18.00 tungsten, up to 10.00 cobalt, up to 0.10 nitrogen, up to 0.025 oxygen, balance iron and inci- 
dental impurities and with a maximum sulfide size of 15 pm, said method comprising producing said pre- 
alloyed particles by nitrogen gas atomization, hot isostatically compacting the prealloyed particles to full 
density at a temperature of 2165''F and a pressure of 15 ksi, hot working the resulting compact to a desired 
shape of the article at a temperature of 2050**F, and annealing said article. 

A method for manufacturing a powder metallurgy sulfur containing tool steel article having a minimum 
transverse bend fracture strength of 500 ksi when heat treated to a hardness of 64 to 66 HRC, said article 
comprising a hot worked, fully dense, consolidated mass of nitrogen atomized, prealloyed particles of a 
tool steel alloy comprising, in weight percent, 125 to 1.50 carbon, 0.20 to 1.00 manganese, 0.10 to 0.26 
sulfur, up to 0.04 phosphorus, up to 1 .00 silicon, 3.0 to 6.0 chromium, 4.0 to 6.0 molybdenum, 3.5 to 4.50 
vanadium, 4.0 to 6.5 tungsten, up to 0.025 oxygen, up to 0.10 nitrogen, balance Iron and incidental inrv 
purities with a maximum sulfide size of about 15 ^m, said method producing said prealloyed particles by 
nitrogen gas atomization, compacting the prealloyed particles to full density at 2165''F, and at a pressure 
of 15 ksi, hot working the compact to a desired shape of the article at 2050<»F and annealing said article. 

The method of claims 5, 6 or 7 In which the sulfur content is within the range of 0. 14 to 0.26 weight percent 
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FIG, IC 



500 X 20jum 
STEEL 92-19 (0.14 S) 




500X 20 jum 

STEEL 92-20 (0.26 S) 
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FIG. 2C 
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